Abstract. Excess nutrient loading and large-scale invasion by nonnatives are two of the most pervasive and damaging threats to the biotic and economic integrity of our estuaries. Individually, these are potent forces, but it is important to consider their interactive impacts as well. In this study we investigated the potential limitation of a nonnative intertidal grass, Spartina alterniflora, by nitrogen (N) in estuaries of the western United States. Nitrogen fertilization experiments were conducted in three mud-flat habitats invaded by S. alterniflora in Willapa Bay, Washington, USA, that differed in sediment N. We carried out parallel experiments in San Francisco Bay, California, USA, in three habitats invaded by hybrid Spartina (S. alterniflora 3 S. foliosa), in previously unvegetated mud flat, and in native S. foliosa or Salicornia virginica marshes. We found similar aboveground biomass and growth rates between habitats and estuaries, but end-of-season belowground biomass was nearly five times greater in San Francisco Bay than in Willapa Bay. In Willapa Bay, aboveground biomass was significantly correlated with sediment N content. Addition of N significantly increased aboveground biomass, stem density, and the rate of spread into uninvaded habitat (as new stems per day) in virtually all habitats in both estuaries. Belowground biomass increased in Willapa Bay only, suggesting that belowground biomass is not N limited in San Francisco Bay due to species differences, N availability, or a latitudinal difference in the response of Spartina to N additions. The relative impact of added N was greater in Willapa Bay, the estuary with lower N inputs from the watershed, than in San Francisco Bay, a highly eutrophic estuary. Nitrogen fertilization also altered the competitive interaction between hybrid Spartina and Salicornia virginica in San Francisco Bay by increasing the density and biomass of the invader and decreasing the density of the native. There was no significant effect of N on the native, Spartina foliosa. Our results indicate that excess N loading to these ecosystems enhances the vulnerability of intertidal habitats to rapid invasion by nonnative Spartina sp.
INTRODUCTION
Invasion by nonnative species is one of the most serious threats to the integrity of natural systems and the maintenance of ecosystem services (Drake et al. 1989 , Vitousek et al. 1997b . Invasions can cause the extinction of native species, changes in nutrient cycling and storage, and loss of habitat. Wetlands are particularly vulnerable to invasion by monotype-forming plants (Zedler and Kercher 2004) and this susceptibility appears to increase under disturbances (Bertness et al. 2002 , Silliman and Bertness 2004 , Zedler and Kercher 2005 . To gain a better predictive understanding of the vulnerability of an ecosystem to invasion, it is important to understand how variability among recipient regions may alter the potential for invasion and spread of nonnative species (Carlton 1996) , because in some cases the abiotic characteristics of the local environment may contribute to the success of an invader, even at small scales (Dethier and Hacker 2005) .
As a result of human development, nitrogen (N) input from watersheds to estuaries has increased to the extent that eutrophication of the coastal zone is one of our most pressing environmental concerns (National Research Council 1993, Vitousek et al. 1997a , Howarth et al. 2000 , Cloern 2001 . Also, nutrient loading may facilitate species invasions (Dukes and Mooney 1999) . Invaders that can capitalize on the increased availability of N in disturbed systems may outcompete native species adapted to previously low-nutrient conditions (Vitousek et al. 1997a) . Changes in N inputs appear to promote the invasion of nonnative plants in a variety of ecosystems, including, for example, ombrotrophic bogs (Tomassen et al. 2004) , grasslands (Olson and Blicker 2003) , deserts (Brooks 2003) , tropical forests (Ostertag and Verville 2002) , freshwater wetlands (Green and Galatowitsch 2002) , and salt marshes (Bertness et al. 2002, Silliman and Bertness 2004) .
One of the more remarkable invasions in coastal wetlands followed the introduction of Spartina alterniflora (smooth cordgrass), a native of western Atlantic marshes, into Pacific coast estuaries of the United States (see Plate 1). This invasion fostered large-scale alterations at the ecosystem level in commercially and ecologically important estuaries, including San Francisco Bay, California, and Willapa Bay, Washington (Neira et al. 2005 , Levin et al. 2006 Grosholz et al., in press) . In its native range along the Atlantic and Gulf coasts of the United States, aboveground, and to some extent belowground, growth of S. alterniflora has been historically limited by N (e.g., Sullivan and Daiber 1974 , Gallagher 1975 , Chalmers 1979 , Mendelssohn 1979 , Dai and Wiegert 1997 , Tyler et al. 2003 . Competition for N, along with a number of other abiotic factors, has also been important in driving the competitive dynamics among salt marsh species (Pennings and Bertness 2001) . In both Atlantic and Pacific coast marshes, the addition of N may shift the competitive balance between native species by relieving competition for N such that competition for light drives community assembly (Bertness 1991 , Boyer and Zedler 1999 , Bertness et al. 2002 . On the Pacific coast, some physical factors, including salinity and substrate, may be important in the spread and areal extent of invasive Spartina (Civille et al. 2005 , Dethier and Hacker 2005 , Hacker and Dethier 2006 , but the importance of N limitation has not been investigated.
The introduction of Spartina to Willapa Bay (hereafter WB) and San Francisco Bay (hereafter SFB) occurred at different times, by different mechanisms, and with varying rates of invader spread; but in both estuaries the resulting invasion is considered extremely damaging, and multimillion-dollar eradication efforts are already in progress (Callaway and Josselyn 1992 , Daehler and Strong 1996 , Faber 2000 , Feist and Simenstad 2000 , Hedge et al. 2003 , Invasive Spartina Project 2004 , Civille et al. 2005 . While the influence of human development on WB is relatively low, SFB is a highly urbanized estuary (Nichols et al. 1986 , Ruesink et al. 2006 ). For example, N loading per unit area to SFB is 16 times greater than to WB (based on USGS SPARROW model predictions, available online).
3 The broad geographic nature of the Spartina invasion allows an opportunity to evaluate controls on Spartina growth not only across latitudes but also in estuaries with different N loading rates. We propose here that some of the variability in plant biomass and rhizomatous spread rate of S. alterniflora within WB (Civille et al. 2005; A. C. Tyler and J. G. Lambrinos, unpublished data) can be explained by the differences in sediment N content across habitat types and that N fertilization will be more effective where sediment N is lower. Because of the much higher background levels of N in SFB, we also suggest that the addition of N at the invasion front will have a smaller effect on Spartina expansion onto mud flats of SFB than WB. Finally, based on examples from the Atlantic coast, we also predict that addition of N will further disrupt the competitive dynamics between hybrid Spartina and native marsh species in SFB, promoting more rapid habitat appropriation by the invasive hybrid. To evaluate these predictions, in this study we aimed to illustrate how N influences the spread of an invasive marsh grass through (1) experimental N addition at the invasion front, and (2) comparison of invasions in two estuaries that differ dramatically in anthropogenic N inputs.
MATERIALS AND METHODS

Invasion of Spartina in Willapa Bay
The introduction of Spartina alterniflora to WB was accidental and likely occurred multiple times and from multiple Atlantic and Gulf coast sites during commercial oyster transport from the Atlantic to the Pacific between 1894 and 1920 Simenstad 2000, Civille et al. 2005 ; K. J. Bando, unpublished data). There were no native species occupying the lower intertidal zone in this region, hence S. alterniflora invaded these unvegetated mud flats unfettered by competition from other vascular plants. Although the rate of expansion increased during the latter part of the 20th century (Civille et al. 2005) , by 1997 only ;6000 ha of the 23 000 ha mud-flat habitat available had been colonized (Davis et al. 2004a ). An Allee effect, caused by pollen limitation, may explain to a large extent the relatively slow progression of the invasion in WB relative to SFB (Davis et al. 2004a , b, Taylor et al. 2004 ). However, this explains only the rate of spread by new propagules. Once established, the local lateral vegetative spread of new clones is somewhat variable and may be determined by external abiotic controls (Civille et al. 2005 ).
Invasion of Spartina in San Francisco Bay
Four species of nonnative Spartina currently exist in SFB: S. alterniflora, S. densiflora, S. anglica, and S. patens. Of these, S. alterniflora has produced the greatest ecological impact; the other species have not spread significantly from their site of introduction. This species was first introduced into SFB by the U.S. Army Corps of Engineers in 1973 for marsh restoration (Faber 2000) . Subsequent hybridization with the native California cordgrass, Spartina foliosa, resulted in a highly successful hybrid that currently has the widest distribution of all invasive Spartina species. Approximately 300 ha were colonized by 2004, primarily in the south and central portions of the bay (Daehler and Strong 1997 , Ayres et al. 2004 , Invasive Spartina Project 2004 . In contrast to this relatively rapid invasion in SFB, it was at least twice as long before an equivalent area of WB was invaded (see Fig. 3 in Civille et al. 2005) . The Allee effect found in WB may be partially negated in SFB by the ability of S. alterniflora to hybridize with Spartina foliosa, and by the self-fertility of at least some hybrid genotypes. However, abiotic characteristics of the estuaries undoubtedly also play an important role. In SFB, hybrid Spartina occupies a wide tidal range that includes historically unvegetated mud flats and native marshes once dominated by S. foliosa in the lower intertidal and Salicornia sp. in the upper intertidal (Callaway and Josselyn 1992) . Hereafter, we will use ''S. alterniflora'' for the Atlantic coast species that is present in WB, ''hybrid Spartina'' for the hybrid cordgrasses in SFB, and ''Spartina'' for all cordgrasses, collectively.
Site descriptions and experimental design
The impact of N addition was measured at three sites in each estuary during 2003 (Fig. 1) . In WB, we chose sites along a gradient of sediment N content, which also corresponds to the grain size of sediments and the local expansion rate of S. alterniflora. The three sites, in order of increasing N and decreasing sand, were Leadbetter Point State Park, the Palix River, and the Willapa River (Fig. 1) . The regional spread rate of S. alterniflora at these sites parallels the sediment characteristics, with Willapa River . Palix River . Leadbetter Point (J. Civille, unpublished data). Pore-water salinity (PSS) among the three sites was similar (Leadbetter Point ¼ 27.0 6 0.5 [mean 6 SE], Palix River ¼ 26.1 6 0.3, Willapa River ¼ 27.1 6 0.6; A. C. Tyler, unpublished data). In SFB, we chose sites in the South Bay that represent the different habitat types invaded by hybrid Spartina: unvegetated mud flats (Alameda Island), fringing S. foliosa marshes (Robert's Landing), and Salicornia virginica meadows (San Mateo; Fig. 1 ). These sites also exhibit differences in sediment grain size and N content that parallel the gradient in WB. Pore-water salinity was greatest at San Mateo and lowest at Alameda (Neira et al. 2005) .
At each site, we established ten 0.5 3 0.5 m plots spaced 1 m apart in each of two zones. The first zone was within an existing meadow ;10 m from the leading edge (henceforth, ''meadow''). The second zone spanned the leading edge (henceforth, ''edge''), with the rear half of each plot encompassing invaded habitat and the front half encompassing uninvaded habitat. Five plots in each zone were randomly chosen to receive N fertilization (þN) and the remaining five were controls. We added N as ammonium chloride salt, wrapped in nylon tissue and placed in perforated 15-ml centrifuge tubes (1.7 cm outside diameter 3 11.9 cm long) inserted into the sediment, which allowed gradual diffusion into the pore water. Four tubes containing 4.8 g ammonium chloride (¼1.25 g N) were installed in each plot and exchanged approximately every six weeks beginning in April and ending in July (WB), or beginning in May and ending in August (SFB), approximately six weeks prior to the final sampling for each location. The tubes were pushed into the sediment until the cap was flush with the sediment surface. Empty tubes were not installed in control plots and the disturbance of inserting these tubes may have temporarily disturbed redox dependent processes in the þN plots. The total addition of N over the growing season was 80 g N/m 2 , a rate consistent with previous studies (see Table 1 in Boyer and Zedler [1998] ).
Sediment properties
To demonstrate the sediment N gradient among sites, in April 2003 we took one 10-cm sediment core with a 60-cc syringe corer from each control plot. Following lyophilization, visible roots and detritus were removed, the samples were ground using a mortar and pestle, acidified with hydrochloric acid to remove carbonate, and analyzed for N content on a Carlo-Erba Flash EA 1112 Elemental Analyzer (Carlo-Erba, Milan, Italy). In the spring of 2005, we collected three cores of ;10 3 10 cm from each mud flat and meadow in WB using a hand trowel, in areas adjacent to sampling locations. These samples were oven dried at 608C and analyzed for percentage sand, silt, and clay at the Department of Agriculture and Natural Resources Analytical Laboratory, University of California, Davis (Sheldrick and Wang 1993) .
Plant measures
At the initiation of the experiment and approximately every six weeks thereafter, we measured stem density (stems per 1/16 m 2 ) of all species and the height of 10 randomly selected stems of hybrid Spartina, and Spartina foliosa or Salicornia virginica, where appropriate, in the permanent sampling quadrats located at the leading edge of each plot. This quadrat positioning allowed us to capture the emergence of new stems in previously uncolonized areas. For S. virginica all stems originating within the quadrat were counted, even if the elongated stems extended beyond the boundary of the plot. At the end of the growing season (September in WB and October in SFB) the number of stems with inflorescences was also counted. The local expansion rate, in terms of new stemsÁm À2 Ád À1 was calculated from the change in stem density across sampling dates.
Following the final plant measures at the end of the growing season, we collected five random stems of each species from each plot. The stems were measured, oven dried at 608C, and weighed. Stem height vs. weight regressions were calculated for control plots and þN plots separately for each site (zones were pooled, N ¼ 50 per treatment 3 site) and used to calculate the biomass for each sampling period (Appendices A-C). Aboveground productivity (as gÁm À2 Ád
À1
) was calculated from the change in the estimated biomass values across sampling dates. Belowground biomass was determined from cores (5 cm interior diameter 3 15 cm long) collected at the end of the growing season. The cores were sieved (1 mm mesh) and dead material (typically blackened, decaying tissue relative to white, living roots and rhizomes) was removed prior to oven drying (608C) and weighing. We use the belowground biomass values to detect relative effects of N addition on belowground tissues and recognize that the size and number of cores used to sample belowground biomass may not be sufficient to fully characterize belowground biomass at a given site. However, previous sampling near the experimental sites using a 25-cm-deep core showed that 67% 6 5% (mean 6 SE) and 84% 6 3% of the belowground biomass was contained in the upper 15 cm for WB and SFB, respectively (A. C. Tyler, unpublished data). Thus, if the sampling depth used in the current experiment resulted in an underestimate of total belowground biomass, this bias was greater at the WB sites. Using these values, the ratio of aboveground to belowground biomass was calculated for each plot. One stem per plot was also collected at this time and lyophilized, homogenized, and analyzed for N content on a Carlo-Erba Flash EA 1112 Elemental Analyzer. We calculated areal N at each plot from the tissue N content and the end-of-season estimates of above-and belowground biomass assuming that both fractions have the same N content. We acknowledge the limitations of our methods for belowground biomass, but use the estimate of belowground and aboveground areal N simply as an estimate of N recovery to assess the efficacy of fertilization, rather than as an estimate of total N storage among sites.
Data analysis
For each estuary, meadow, and edge data were analyzed separately. A two-way ANOVA using site and treatment (þN or control) was used to examine differences in end-of-season stem density, stem height, aboveground biomass and productivity, belowground biomass, aboveground : belowground biomass ratio, percentage N, and new stem production. When necessary, data were log(x)-transformed to meet assumptions of normality and heteroscedasticity. Because there was a frequent interaction between site and treatment, differences within zones at individual sites were analyzed separately using a two-tailed t test. A few plots in WB were partially crushed by eradication teams near the end of the growing season, prohibiting complete inflorescence counts in all plots because of the number of broken stems. Therefore, we pooled end-of-season inflorescence data across sites for each estuary, and treatments (þN vs. control) were tested using a one-way ANOVA. Crushing did not interfere with measures of density, height, or belowground biomass because there were sufficient intact stems to make these measurements. To calculate the relationship between sediment N and plant biomass for WB, the sediment percentage N values were converted to total sediment N using previously determined bulk density values for each zone and then analyzed using linear Model I regression. All statistical tests were performed using SPSS 8.0 (SPSS 1997) and the errors presented in the text and figures are one standard error of the mean.
RESULTS
Sediment measures
In Willapa Bay, we found that uninvaded mud flats with finer sediments had higher N content (Table 1) . Spartina invasion generally led to higher N and lower sand content than the uninvaded mud flats, but this wasn't universally true because the Leadbetter Point meadow had substantially more sand than the adjacent flats, likely because of the higher physical exposure of the site. The gradient of increasing sediment N content that paralleled decreasing sediment grain size was also found in San Francisco Bay. In Alameda the sediments were comprised primarily of sand, while in San Mateo they were primarily silt and clay. In Alameda and Robert's Landing, the sediment N was higher in the meadows than on the leading edge, but in San Mateo, where both were heavily vegetated, the N content did not vary between zones (Table 1) .
Plant measures
Overall, we observed substantial and significant changes with N fertilization in both estuaries. An exception was the Palix River edge site, where there were no significant differences. In retrospect, it appears that this site was poorly positioned and not on the leading edge of the advancing meadow. In subsequent years, a small channel formed in the region of these plots. For this reason, we do not believe that the results are necessarily representative of the site as a whole.
In several respects, the characteristics of aboveground growth in control plots were similar for S. alterniflora in WB and hybrid Spartina in SFB (Fig. 2) . Likewise, there was a strong positive response to N fertilization in both systems, but with the exception of the Palix River edge site the relative response was substantially greater in WB (Fig. 2, Table 2 ). End-of-season stem density was greater in meadow than edge plots and varied significantly among sites in both estuaries (Fig. 2a, Table 2 ). Edge density increased 100% in both SFB and WB with N addition. The impact on meadow density was much greater in WB, where we observed an 80% increase relative to a 27% increase in San Francisco Bay. In most unfertilized meadow plots, stem density changed little over the growing season, but mean new stem production increased from 0.03 6 0.44 to 0.97 6 0.23 stemsÁm
À2
Ád À1 (mean 6 SE) in SFB and 0.02 6 0.25 stems to 1.69 6 0.14 stemsÁm À2 Ád À1 in WB with N addition, increases of 2933% and 7800%, respectively (Fig. 2b) . In contrast, there was continual production of new stems in most edge plots during the growing season, but smaller increases of 126% (SFB) and 110% (WB) upon fertilization. Because of the anomalous Palix River edge site, the mean for WB belies the very large effect of fertilization on new stem production at the Leadbetter Point and Willapa River edge sites (mean increase ¼ 313%). The stem density of S. foliosa at Robert's Landing was similar to that of hybrid Spartina, and both reflected a decrease over the growing season; likewise, neither responded to N addition (Fig. 3a) . In contrast, the stem density of Salicornia virginica at the San Mateo marsh decreased significantly with fertilization (Fig. 3a) .
In spite of substantially taller plants in WB (end-ofseason stem height WB ¼ 117.0 6 17.8 cm [mean 6 SE]; SFB ¼ 86.5 6 6.6 cm, N ¼ 6 sites 3 zones; data not shown), aboveground biomass (Fig. 2c) and growth rates (growth rate WB ¼ 6.9 6 1.9 gÁm À2 Ád
À1
; SFB ¼ 6.6 6 2.0 gÁm À2 Ád À1 , N ¼ 6 sites 3 zones; data not shown) in control plots were similar between estuaries. As anticipated, plant height, biomass, and growth rate were greater in meadow plots than edge plots in both estuaries and varied significantly among sites, except for SFB edge plots that were more uniform (Fig. 2c , Table 2 ). There was no impact of fertilization on plant height (data not shown), but both biomass (Fig. 2c , Table 2 ) and growth rate (data not shown) responded positively to N addition in all cases. In WB, the biomass response to fertilization was greater at the lower N edge site (600% increase; Leadbetter Point) than at the higher N edge site (200% increase; Willapa River), and both of these effects were greater than the comparable mud-flat site in SFB (160%; Alameda). The response within meadows was also substantially greater in WB where a 170% increase in biomass was observed relative to a 60% increase in SFB (Fig. 2c , Table 2 ). There were no significant differences in aboveground biomass or growth rate between fertilized and unfertilized treatments for native species in SFB (Fig. 3c) . End-of-season inflorescence production was significantly greater for control plots in WB than for þN plots (control ¼ 32% 6 6%; þN ¼ 18% 6 3% (mean 6 SE); P ¼ 0.036), but there was no experimental effect in SFB (control ¼ 21% 6 5%; þN ¼ 18% 6 4%; P ¼ 0.595; data not shown). Belowground biomass was much greater in meadow plots than edge plots in both estuaries, as anticipated for a less-developed marsh (Fig. 2d ). There were striking differences in belowground biomass between estuaries, however, with SFB having 1166% and 378% greater belowground biomass than WB for edge and meadow control plots, respectively. Our 15 cm sampling depth may have resulted in somewhat lower biomass in WB where there appears to be investment to a greater depth, but this effect is not likely to make up for the very substantial difference between estuaries. In mixedspecies plots in SFB, the belowground biomass for individual species was not determined and the values in Fig. 2d represent the presence of both species. Even so, in control plots in the meadow at Alameda, where only hybrid Spartina was present, the belowground biomass (7190 6 1529 g/m 2 , mean 6 SE) was more than twofold greater than at any other site (Fig. 2d) . The effect of fertilization on belowground biomass also differed between estuaries: there was no effect of N addition in SFB in either edge or meadow plots, but a 108% difference in fertilized WB meadow plots relative to controls (Table 2 , Fig. 2d ). In Willapa Bay there was a significant positive relationship between aboveground plant biomass and sediment N in control plots at all sites and zones (R 2 ¼ 0.31, F ¼ 11.8, P , 0.002, N ¼ 30), but not belowground biomass (R 2 , 0.01, F , 0.01, P ¼ 0.93, N ¼ 30; Fig. 4) . In both estuaries, belowground biomass appeared to show a positive trend with increasing grain size, but because the samples for grain size were not taken in the exact location or at the same time as the experiment, we were unable to show this relationship statistically. The ratio of aboveground to belowground biomass in meadows also differed substantially between the two systems. In San Francisco Bay, belowground allocation was twice that of aboveground (AG:BG ¼ 0.5 6 0.2, mean 6 SE, N ¼ 3 sites, control plots only), whereas in Willapa Bay the relationship was reversed (AG:BG ¼ 2.1 6 0.8, N ¼ 3 sites, control plots only). Again, we may have underestimated total belowground investment in WB relative to SFB due to our sampling technique, but not to such a degree that it would change the relative magnitude of the effects between estuaries. There was a significant site effect in both estuaries with greater relative investment belowground at the sandy, low N sites (Leadbetter Point, Alameda) than at the finegrained, high N sites (Willapa River, San Mateo). Nitrogen addition resulted in significant increases in aboveground relative to belowground biomass at edge plots in both estuaries, due primarily to the change in aboveground biomass (data not shown).
The N content of unfertilized aboveground plant tissue was twice as high in Willapa Bay (1.42% 6 0.07%, N ¼ 6 sites 3 zones) as in San Francisco Bay (0.76% 6 0.07%, mean 6 SE, N ¼ 6 sites 3 zones). Fertilization resulted in an increase in tissue N of plants in both estuaries, although not significantly so at all sites (Table  2 , Fig. 2e) . Interestingly, the maximum and minimum values of percentage N in control plots occurred in different species at the same site: percentage N of native S. foliosa in edge plots at Robert's Landing (2.29% 6 0.13%, N ¼ 5) was more than threefold higher than the hybrid Spartina (0.65% 6 0.08%, N ¼ 5) in the same plots.
We used the difference between areal plant N in control and þN plots to estimate recovery of added N. In Willapa Bay, much more of the added N was recovered in meadow plots (35% at Leadbetter Point, 139% at the Palix River, and 105% at the Willapa River) than edge plots (27%, 0%, and 57%, respectively). In San Francisco Bay, recovery was similar between meadow and edge plots, and we saw a similar trend of lower recovery at the sandier sites: 16% and 24% were recovered at Alameda, 48% and 51% at Robert's Landing, and 92% at San Mateo for both edge and meadow, respectively.
DISCUSSION
Since the introduction of cordgrasses to Pacific estuaries, unvegetated mud flats and native fringing and high marshes have been transformed into meadowlike monocultures. Spartina is clearly a successful invader, irrespective of the availability of N within the estuary. However, N substantially enhances Spartina production, competitive interactions, and the rate of spread in virtually all potential habitats. In general, N promotes more vigorous aboveground growth of Spartina and hastens invasion due to more successful aboveground competition with native species. In nutrient-poor regions, N additionally promotes belowground production and may contribute to the stronghold of Spartina in new habitats.
Aboveground biomass of Spartina in both estuaries (range: 151-2457 g/m 2 in Willapa Bay and 578-2477 g/m 2 in San Francisco Bay) was equivalent to and generally greater than that measured similarly in tallform S. alterniflora meadows at comparable latitudes on the Atlantic coast (range: 300-1970 g/m 2 ; Turner 1976). Likewise, while differences in methods preclude direct comparison, belowground biomass was also comparable to or greater than that found in Atlantic coast marshes (Schubauer and Hopkinson [1984] , and references therein).
The variable recovery of added N in plant tissues among sites and between estuaries could be due to (1) differences in N limitation, and (2) substrate characteristics. In SFB, if the plants were N saturated and our additions provided N in excess of potential metabolic demand, the uptake and therefore recovery of N would be lower. However, the substrate variability among sites may also play a role and the ''leaky'' nature of sandy sediments, where advective tidal flushing promotes more rapid physical removal of added N before the plants can use it, may contribute to the lower recovery of added N in plants from sandy habitats. In addition, competition for ammonium with microalgae and nitrifiers may also be more intense in sandy, highly oxidized sediments; whereas in fine-grained, anaerobic sediments there may be competition with denitrifiers for nitrate, but the plants tend to be superior competitors for ammonium (Mendelssohn 1979) . Low recovery in WB edge plots could be the result of immature root-mass development that precluded maximal uptake of added N. In spite of the lower recovery, there was a clear impact of fertilization at both Leadbetter Point and the Willapa River edge sites and in San Francisco Bay.
Nitrogen addition has been shown to increase aboveground Spartina production in virtually all salt marshes in the United States to which it is native (e.g., Valiela and Teal 1974 , Chalmers 1979 , Mendelssohn 1979 , Buresh et al. 1980 , Boyer and Zedler 1998 , Levine et al. 1998 , Tyler et al. 2003 ) and also to those in which it is nonnative (this study). Even in a new habitat, this species remains N limited. The spread rate of Spartina (as new stems per day) on edges was up to five times higher in comparable habitats in SFB compared to WB, suggesting that the mud flats of SFB may be more susceptible to invasion. Overall, the highest spread rate was in Alameda where N availability was presumably the highest and competition from native plants was negligible. Among WB sites, the higher biomass and faster spread rate onto fine-grained, high N sediments compared to sandy, low N sediments suggests that N, along with other factors such as tidal energy and sediment anoxia, may be an important factor driving the rate of invasion onto unvegetated mud flats. Hacker and Dethier (2006) found that salinity was important in determining the areal extent of Spartina anglica in Puget Sound, but given the comparable salinity among our WB sites we don't believe salinity was an important influence on the local spread rates among sites. Nitrogen inputs from the watershed may also play a role in the increased invasion rate of S. alterniflora in WB during the last 20 years, as N loading may have increased over this time period due to increased logging within the watershed and along the shoreline. A more detailed investigation of N loading rates to WB should be conducted to confirm this hypothesis.
While genotypic differences complicate a direct comparison of environmental controls on belowground biomass between estuaries, the striking difference bears further examination, particularly considering the comparable aboveground biomass. Previous work in WB suggests that the invasive population exhibited r-selected traits (early first reproduction, high seed output and inflorescence production) relative to native S. alterniflora from the Atlantic coast (Davis 2005) . It may be that under N-limiting conditions this population put more effort into aboveground growth and sexual reproduction, rather than investment belowground, but that upon receiving adequate N inputs, more allocation to belowground roots and rhizomes was possible. This is supported by the lower incidence of inflorescences in þN plots in WB. In contrast, SFB Spartina plants may have sufficient N to devote a substantial proportion of their production belowground and still maintain sexual reproduction without additional fertilization. Substrate may also play a role in determining belowground biomass. Plants growing in sandy sediments have greater belowground biomass in WB, independent of the age of the meadow (A. C. Tyler and J. G. Lambrinos, unpublished data) . With the exception of San Mateo, the SFB marshes in this study are quite sandy. If, as mentioned previously, competition for ammonium with nitrifying bacteria was important in oxidized, sandy sediments, then greater root production may aid nutrient procurement in addition to providing structural stability in these less cohesive sediments.
Prior studies of N fertilization on belowground Spartina biomass suggest that the response is less predictable and possibly more geographically variable than the effect on aboveground biomass. For example, N enrichment has been shown to increase belowground biomass in some New England and mid-Atlantic marshes (e.g., Gallagher 1975 , Valiela et al. 1976 ), but there was little effect in California (Boyer et al. 2000) , and even a decrease on the Gulf coast , or when N was added at a very high rate (Valiela et al. 1976 ). We saw no N effect on belowground biomass in the southern estuary, SFB, but a very significant increase further north in WB. Again, a direct latitudinal comparison of the response between estuaries is complicated by differences in genetics and N loading, but our work adds to a growing body of evidence of a latitudinal influence on the belowground response of Spartina to N additions, where growth is enhanced in more northern climates, but there is little or a negative response in more southern climates .
There is a large body of work from Atlantic coast marshes demonstrating that under low N conditions Spartina alterniflora is restricted to the lower intertidal zone because of fierce competition for N with other species in the upper intertidal (Spartina patens, Juncus roemerianus). When N is supplied in excess, S. alterniflora is released from N competition; instead, light becomes the limiting factor and S. alterniflora becomes the dominant competitor (Bertness 1991 , Levine et al. 1998 , Bertness et al. 2002 . This relationship between S. alterniflora and other marsh species appears to be universal along the Atlantic and Gulf coasts of the United States, as demonstrated experimentally by Pennings et al. (2002) , who found that upon fertilization S. alterniflora always became dominant, outcompeting all other high-marsh species. A similar dynamic occurred with different species in a Southern California marsh, where Salicornia bigelovii outcompeted Spartina foliosa when N was added (Boyer and Zedler 1999) . Disturbances of the coastline that increase N loading may not only drive competitive interactions among native species but may also increase the competitive dominance of nonnative species, as in the dramatic case of the aggressive nonnative genotype of Phragmites australis on the Atlantic coast (Bertness et al. 2002 , Saltonstall 2002 , Silliman and Bertness 2004 . In SFB, the competitive dominance of hybrid Spartina increased with N addition, such that it was able to more quickly overcome Salicornia virginica in the upper intertidal.
Even though we did not observe a similar effect in the S. foliosa marsh, the high N requirements of S. foliosa relative to the hybrid may make it less competitive, whereas the lower N requirements of hybrid Spartina may make it a superior competitor than either parent species under a variety of conditions. Theoretical models of invasive spread predict that invasion speed should decrease as competition strength between resident species and an invader increases (Okubo et al. 1989, Hart and Gardner 1997) . Likewise, empirical studies in terrestrial plant communities indicate that invasion success can depend on levels of resource supply that influence the strength of competition between residents and invaders (Tilman 1988 , Davis et al. 2000 , Cleland et al. 2004 ). Indeed, greater N availability may promote invader success by alleviating nutrient stress in species with high nutrient requirements (Vitousek et al. 1997a ). For example, this effect has been generally demonstrated by greater abundance of nonnatives in grasslands and desert systems receiving high levels of atmospheric N deposition relative to more pristine systems (Brooks 2003, Fenn et al. 2003 and references therein) . In other terrestrial systems, native N-fixing species may facilitate invasion by promoting locally higher soil N that gives an advantage to nonnatives (Maron and Connors 1996, Carino and Curtis 2002) . Likewise, in freshwater wetlands, the addition of N experimentally or in agricultural runoff has been correlated with dominance by nonnative invaders (Gustafson and Wang 2002 , Rickey and Anderson 2004 , Tomassen et al. 2004 ) and in the fully submerged lower intertidal zone, N amendments were shown to increase the survivorship and spread of the invasive seaweed Sargassum muticum (Sanchez and Fernandez 2006) . In Atlantic coast salt marshes, shoreline development and the associated influx of N and freshwater in unimpeded runoff is linked to the invasion of high marsh habitats by Phragmites australis and the movement of the low-marsh S. alterniflora zone higher into the intertidal zone (Bertness et al. 2002 , Wigand et al. 2003 , Silliman and Bertness 2004 ). In the current study we provide the first experimental evidence that excess nutrient inputs to the coastal zone can promote invasion of intertidal areas by nonnative, monotype-forming invasive grasses.
Our work is consistent with other studies that strongly link anthropogenic nitrogen loading with increased spread and competitive success of invasive plants in salt marshes. Furthermore, the increased investment in belowground biomass that invasive Spartina generally produces in response to N loading will further complicate eradication efforts, because these plants will have greater belowground reserves from which to regenerate following removal of aboveground biomass. The increased belowground biomass could also influence the course of post-eradication restoration efforts. There is increasing recognition that the physical legacy left by strong ecosystem engineers such as Spartina can exert persistent influence on the pace and trajectory of restoration following control (Byers et al. 2006) . Even if chemical and mechanical control methods kill established Spartina clones, they leave much of the root mass and accumulated sediment intact. This recalcitrant structure continues to influence invaded estuaries by facilitating Spartina reinvasion and the establishment of other mid-to high-elevation marsh species (Lambrinos 2007) . The latency of this belowground structure is likely a function of both the size and root density of clones. At sandy sites in Willapa Bay, sediment properties within small invaded patches can return to ambient conditions within six years (A. C. Tyler and E. D. Grosholz, unpublished data) . In contrast, large and long-established meadows in areas with fine-grained sediments experience almost no erosion of sediment in the first few years following eradication (Ball 2004) . To design effective restoration strategies managers will need to take into account variation in belowground biomass among sites that may arise because of differences in N loading. Therefore, the overall effects of elevated nitrogen on plant invasions are consistent with findings from other N-limited systems. We suggest that a useful goal for managers aiming to reduce the spread and impacts of invasive plants in salt marsh systems would be to redouble efforts to further reduce anthropogenic nitrogen inputs into estuarine systems. Carlton (1996) postulated that changes in the recipient region may alter the invasion potential of an ecosystem.
In this study, we demonstrated experimentally that upon the addition of N to Willapa Bay sediments, the spread rate of S. alterniflora surpassed that of mud flat control plots in San Francisco Bay and showed that excess N increases the vulnerability of WB mud flats to invasion. Likewise, in SFB, the addition of N not only promoted faster invasion onto unvegetated mud flats but also increased the competitive dominance of Spartina hybrid over native species. Thus, the interaction of excess N loading in conjunction with the presence of nonnative species provides a potent combination for the loss of native ecosystem function.
